A new variant of glucose phosphate isomerase (GPI) deficiency (type Nordhorn) associated with congenital nonspherocytic hemolytic anemia is described. The propositus, an 18-month-old boy of German origin, h,as suffered since birth from a severe to moderate macrocytic anemia, which is characterized by low mean corpuscular hemoglobin concentration (28y0), high reticulocytosis (45-60yo), normal osmotic fragility, type I autohemolysis, and short erythrocyte life-span (51Cr t = 2 days). With the exception of GPI, the activities of most erythrocyte enzymes are increased. GPI activity is decreased to 22y0 of the normal. The father and mother exhibit GPI activities between 36% and 47% of normal. No difference is demonstrable between the enzyme of the propositus and normal subjects concerning Michaelis-Menten constant for fructose 6-phosphate, p H optimum, and thermal optimum. The stability of the enzyme is decreased in the propositus and in all affected maternal relatives. The enzyme of the paternal relatives is stable. O n starch-gel electrophoresis the enzyme of the father is normal (three bands). In the hemolysate of the mother a fourth cathodally migrating band is demonstrable in addition to the three normal bands. The propositus exhibits only one band with a cathodal mobility of 132y0 of the main band of normal subjects. I t is suggested that the propositus is double heterozygous for two abnormal alleles. The heterozygote mother contributes an allele which produces a thermolabile enzyme of decreased activity and abnormal electrophoretic mobility, whereas the father contributes an allele without enzymatic activity.
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The enzyme defect is also manifest in the leukocytes of the propositus (%yo of normal activity). The thermolability is evident in the leukolysates of the propositus and in those of his mother.
When erythrocyte glucose consumption and lactate formation are compared with nonenzymopenic, reticulocyte-rich blood, which has no metabolic defect, the rate of glycolysis is markedly impaired in the propositus. Glucose 6-phosphate, the substrate Glucose phosphate isomerase Nordhorn. I before the defect, accumulates fourfold and probably inhibits hexokinase, and consequently glycolysis. Compared with erythrocyte populations of similar mean cell age, the concentrations of A T P and 2,3-diphosphoglycerate are decreased. After separation of young from old cells the defect becomes more evident in the older population. Premature inactivation of the enzyme during maturation is suggested.
Speculation
M a n y so-called "homozygous states" of inherited enzyme defect: could be double heterozygous as well. Double heterozygosity may partially explain the clinical heterogeneity of the "homozygous" manifestation, and the lack of correlation between residual enzyme activity and clinical expression in many inborn errors of metabolism. I n double heterozygotes with glucose phosphate isomerase deficiency, a premature inactivation of the enzyme during maturation of the erythrocytes may be the reason for metabolic impairment of the celIs, followed by premature hemolysis.
Glucose phosphate isomerase (~-glucose-6-pilospl1ate-ketol-isomerase EC. 5 . 3 . 1 . 9 ) deficiency, in addition to glucose 6-phosphate dehydrogenase deficiency and pyruvate kinase deficiency, seems to be one of the more common erythrocyte enzyme defects associated with llemolytic anemia. Since the first description in 1967 [4] , 12 cases from nine families have been published [I, 5, 6, 9, 12, 14, 16, 21, 227 . Hematologic and biocllemical studies reveal many differences in the clinical expression and in the properties of the mutant en7ymes. In this paper we describe a new variant oT GPI deficiency with congenital nonspherocytic hemolytic anemia. According to the birthplace of the propositus, the variant is designated "Nordhorn."
Case Reporl
MB, a male ol German origin, was born at term as the first child of apparently healthy parents alter an uneventful pregnancy. There was no consanguinity in the family. T h e patient, his father, and his mother were all R h positive. The hemoglobin concentration was reduced to 10.4 g/100 ml on the 1st day of life and decreased during the following days. Reticulocyte count was 22%. Serum bilirubin concentration reached its maximum of 6.1 mg/100 ml 8 br after birth and decreased spontaneously to 1.0 mg/100 ml on the 5th day of life. There was no evidence for fetomaternal incompatibilities. At the age of 2 weeks the patient had rhinitis. Since hemoglobin was only 5.1 g/100 ml, a first blood transfusion was necessary, followed by two other transfusions during the lollowing year on the occasion of hemolytic crisis when the propositus again had infections of the respiratory tract. GPI deficiency was diagnosed at the age of 5 months.
Materials and Methods
Routine hematologic studies were performed by standard methods [lo] . Autohemolysis was determined after the addition of preservative-free heparin according to the method of Selwyn and Dacie [24] in the nlodification of the method of Young et al. [27] . Hemoglobin electrophoresis was performed on cellulose acetate strips [26] .
Erythrocytes were obtained from heparinized blood samples from the propositus, his relatives, normal control subjects, and five patients with moderate reticulocytosis, two of them suffering from autoimmune hemolytic anemia, and three lrom hemolytic anemia of unknown origin.
Erythrocyte enzymes were assayed at 37' in hemolysates prepared with digitonin [29] . Leukocytes were carefully separated by filtration tllrougll a cotton wool column [8] . T h e final erythrocyte suspensions contained less than 50 leukocytes/106 erythrocytes. T h e GPI activity was assayed at its p H optimum by a modification of the procedure described by Koutras et al. [13] , using 0.05 M Tris-HC1 buffer, p H 8.2. Enzyme units are expressed as micromoles of NADPH generated per minute per gram of hemoglobin. Tlle assay procedures for all other erythrocyte enzymes were reported in a previous study [20] .
Leukocytes were separated according to the method of Biiyum [7] . T h e suspensions contained 1.4 erythrocytes/leukocyte. After tllreefold resuspension of the cells in watei-, the erytllrocyte contamination was re- duced to 0.7 erythrocyte/leukocyte. Each assay was calculated on the basis of erythrocyte and leukocyte counts performed simultaneously. T h e leukocytes were lysed by threefold freezing and thawing [3] . Leukocyte GPI activity was expressed as micromoles of NADPH generated per minute per 109 leukocytes. Michaelis-Menten constants (Km) of GPI for fructose 6-phosphate (F6P) were determined at p H 8.2 (0.05 M Tris-HC1 buffer) for 12 concentrations of F6P, which varied between 0.005 and 1.0 mM. Thermal stability of GPI was studied in hemolysates which were prepared with digitonin, water, and 0.05 M Tris-HC1 buffer, p H 8.2, which gave final hemoglobin concentrations of 10-15 mg/ml, and in lysates of leukocytes. T h e thermal optimum of GPI activity was determined in the standard assay at various temperatures. T h e GPI electrophoresis was carried out using the technique of Detter et al. [I 11 with Tris-citric acid buffer [30] . Glycolytic metabolites, glucose consumption, and lactate formation were measured using methods reported previously [ZO] .
Erythrocytes were fractionated in younger and older cells by differential centrifugation [15] using glutamate oxalacetate transaminase activity as an indicator of cell age [18] .
Hematologic Data
At the time of study the patient displayed a moderate macrocytic hemolytic anemia (mean corpuscular volume 119 A) with a hemoglobin concentration of 8.5 g/100 ml, a packed cell volume of 30.5%, and a reticulocytosis of 45-60%. T h e mean corpuscular hemoglobin concentration was decreased to 28%. Peripheral blood smears showed moderate polychromasia, aniso~~oikilocytosis, erythroblasts, and to some extent, hypochromasia. Leukocyte and platelet counts were within the normal range. Haptoglobin could not be demonstrated. T h e half-life ("Cr tl,z) of the autotransfused erythrocytes of the patient was 2 days. Erythrocyte sequestration was not greater i n the moderately enlarged spleen than in the liver. T h e bilirubin concentration was increased to 10.2 mg/100 ml serum; 9.7 mg/100 ml were in the unconjugated form. Iron concentration of the serum was 107 pg/lOO ml. The antiglobulin test was negative, and no abnormal hemoglobin could be demonstrated by electrophoresis. Fetal hemoglobin was slightly increased to 3.3%. T h e osmotic fragility of fresh blood was in the normal range. There was no significant change after a 24-hr incubation at 37". All of the other Iamily members had normal hematologic studies.
Autohemolysis
Autohemolysis was moderately increased in the patient and partially corrected by the addition of glucose, ATP, and adenosine (Table I ). This pattern is most consistent with type I autohemolysis as classified by Selwyn and Dacie [24] . T h e parents showed a normal autohemolysis pattern.
Erythl-ocyte Enzymes
T h e activities of the following enzymes were assayed: hexokinase, phosphoglucomutase, GPI, phosphofructokinase, fructose diphospliate aldolase, glyceraldel~yde 3-phosphate dehydrogenase, triosephosphate isomerase, 2,s-diphosphoglycerate mutase, 3-phosphoglycerate kinase, 3-phosphoglycerate mutase, enolase, pyruvate kinase, glucose 6-phosphate dehydrogenase, 6-phosphogluconic dehydrogenase, and glutathione reductase. With the exception of GPI, all of the activities were increased or normal in the propositus in a pattern usually found in young erythrocyte populations in hemolytic anemias.
E1,ythrocyte GPI
In the propositus GPI activity was decreased to 22% of normal, even in the presence of a reticulocyte count of 45% (Table 11) . His father and his mother and five other relatives exhibited GPI activities between 36% and 47% of normal. Some properties of GPI are shown in Table 111 . Using hemolysates, the Michaelis-Menten constants for F6P and the p H optimum of the patient's enzyme were within the ranges for normal individuals. Striking differences between the enzyme of the patient and his maternal relatives with reduced activity on the one hand, and his paternal relatives with reduced activities and normal individuals on the other, are shown in Figure 1 . Whereas the enzyme of the patient and of his maternal relatives was unstable at 45", the enzyme of the afflicted paternal relatives was stable. T h e instability of the enzyme also became evident when whole blood of the propositus and of his mother was incubated at 45'. No change in the temperature optimum of the patient's enzyme was demonstrable (Fig. 2) .
On starch-gel electrophoresis (Fig. 3) , only one fast cathodic band of GPI activity with a mobility of 132% of the main band of normal subjects was demonstrable. T h e father showed a normal pattern, whereas the mother exhibited an additional band which migrated faster to the cathode than the main band of normal subjects, but slower than the patient's band.
E~ythrocyle Metabolic Stz~dies
T h e concentrations of some glycolytic intermediates are sl~own in Table 111 . The most prominent finding consumption was 6270 and lactate formation 59% higher than the mean value of normal blood. However, when compared with reticulocyte-rich blood, the glycolytic rate of the erythrocytes of the patient was significantly reduced. In spite of the high reticulocyte count, the utilization of glucose was only 69%, and the formation of lactate only 67% of the rates expected from blood with reticulocyte counts between 20% and 35.5%. 
Conzpariso7z of Yozuzger and Older Erythrocytes
phate isomerase. Channels 1, 3, 5, and 7: hemolysates of normal control subjects; channel 2: mother; channel 4: propositus; chanAfter sedimentation at 30,000 x g, the top 10% fracnel 6: father.
tion and the bottom 10% fraction of the erythrocytes Micromoles of substrate utilized per minute per gram of hemoglobin. GOT: glutamate oxalacetate transarninase; G P I : glucose phosphate isomerase. M e a n f . 2 SD. 3 M e a n of five patients with hemolytic anemia, but without any enzyme defect Micromoles utilized or formed per hour per 10 ml packed cells. resulting in a decreased glycolytic rate (Table IV) . ature optimum, the Michaelis-Menten constant for
F6P, and the p H optimum of GPI.
was the fourfold elevation of glucose 6-phosphate, accumulating before the enzyme block, in the erythrocytes of the patient when compared with patients with moderate reticulocytosis. On the other hand, the concentrations of A T P and 2,3-diphosphoglycerate were lower than expected from the reticulocyte count of the erythrocyte population.
T h e rate of glycolysis is shown in Table IV . In the whole erythrocyte population ol the propositus, glucose
Leukocyte GPI
In the propositus, leukocyte GPI activity was decreased to 56 units, i.e. 39Yo ol the normal mean (Table V). T h e activities of both parents were within the normal range. T h e Michaelis-Menten constant of the mutant enzyme is normal. In contrast, striking clifferences were observed in the thermal stability at 45'. As in erythrocytes, the leukocyte enzyme of the propositus and of his mother was highly unstable, whereas the leukocyte enzyme of the father was stable (Fig. 4) .
T h e propositus suffers from a hereditary hemolytic anemia associated with an inborn error of erythrocyte metabolism, GPI deficiency. T h e anemia is characterized by the well known signs of nonspherocytic hemolytic anemia: macrocytosis, anisopoikilocytosis, polychromasia, reticulocytosis, hyperbilirubinemia, and normal osmotic fragility. A remarkably low mean corpuscular hemoglobin concentration has also been observed in most [5, 6, 121 , but not in all cases of GPI deficiency (1, 6, 22) . T h e autohemolysis corresponds to lype I, as originally categorized by Selwyn and Dacie [24] . T h e same pattern has been observed in hemolytic anemias with other metabolic defects in early stages of erythrocyte glucose metabolism [22] .
T h e metabolic defect of the propositus is substantiated by direct measurement of the markedly reduced erytllrocyte GPI activity, both when compared with normal erythrocyte populations and when compared wit11 reticulocyte-rich blood. T h e demonstration of intermediate enzyme activities in both parents and in five other family members suggests an autosomal recessive mode of inheritance (Fig. 5) . I n regard to the Michaelis-Menten constants for F6P, the p H optimum, and the temperature optimum, no difference could be demonstrated between the enzyme of the propositus, his parents and his relatives on the one hand, and normal individuals on the other. However, the enzyme deinonstrates distinct pattern of thermal stability and electrophoretic migration within the affected family members. The enzyme of the propositus and of the heterozygous maternal relatives is unstable at 4 5 O , whereas the enzyme of tlle heterozygous paternal relatives is stable. Electrophoretically, the enzyme of the father does not differ from the normal enzyme, but that of the mother shows a fourth band which migrates faster to the cathode. T h e single band of the propositus is not identical with the fourth band of his mother.
These results can be interpreted as follows. Inasmucll as GPI seems to be a dimer of two subunits, there is no reason to expect that the propositus has inherited the same abnormal allele from both parents, especially because the parents are not related. T h e patient's residual enzyme is unstable and behaves electrophoretically abnormally. It is most likely that the mother contributed an allele which produces a thermolabile enzyme of decreased activity, whereas the father contributed an allele without activity. T h e normal electrophoretic mobility of tlle father's residual enzyme suggests that his abnormal allele codes lor a virtually inactive enzyme. T h e deficient allele in the mother codes for the electrophoretically fast moving enzyme with decreased stability and decreased activity. Therefore, the propositus is not "homozygous" but "double heterozygous" lor two abnormal genes, a fact which has been described for GPI-Los Angeles [6] and for the first case of GPI deficiency published by Baughan et al. [5] , and possibly for many other clinical syndromes associated with genetically determined enzyme defects. Double heterozygosity may also partly explain the clinical heterogeneity of many so-called "homozygous" states ol inherited enzyme defects 1171 and the lack of correlation between residual enzyme activity and severity of the clinical manifestation.
The last electrophoretic mobility clearly distinguishes GPI-Nordhorn from all the other genetic variants with normal GPI activity [I 11, and also lrom all variants with decreased activity [l, 4-, 5, 6, 12, 14, 16, 221. I n tlie presented case, the activity of GPI is also decreased in the leukocytes of this patient, but is normal in his parents. Although this is true for all cases of GPI deficiency, there are individual differences in the resitlual activity. Furthermore, a low thermal stability in the leukocytes of the propositus and of his mother could be demonstrated. A generalized deficiency of GPI may be conceivable present in the propositus, as it is in triosephosphate isomerase deficiency [19] , but there is no evidence that the mutant enzyme is clinically important in other cells than the erythrocytes.
As in most inherited erythrocyte enzyme defects, the question of why the erythrocytes do not survive normally remains open. Beyond all doubt, the erythrocytes of the propositus are metabolically disturbed. Although they consume more glucose ant1 form more lactate than normal erythrocyte populations with low reticulocyte counts, the metabolic impairment becomes evident when the rate of glycolysis is compared with that of reticulocyte-rich blood. T h e significant retluction of glycolysis may be caused partially by the accumulation of glucose 6-phosphate, which inhibits the rate-limiting enzyme of glycolysis, hexokinase. Consequently, low levels of the substrates below the GPI reaction, especially A T P and 2,3-tliphosphoglycerate, are lound. Thus, the short life-span of the erythrocytes of the propositus may be due to their low glycolytic rate. Moreover, after fractionation, a much more retluced GPI activity and glycolytic rate coulcl be demonstrated in the older as compared with the younger cells. This suggests that GPI activity decreases faster than the activities of the other erythrocyte enzymes, possibly because of their instability, and becomes crucial and fatal as cells mature [2] . On the other hand, Baughan et al. [5] and Paglia et al. [I61 have shown that recycling of carbon-2-labeled glucose through the oxidative hexosemonopl~osphate shunt is far below normal in patients with GPI deficiency. Because the complete metabolic capacity of the reticulocyte depends mainly on the oxidative shunt [23] , it may be assumed that in GPI deficiency the viability of the reticulocytes may be additionally impaired.
A new variant of glucose phosphate isomerase deficiency (type Nordhorn) associated with congenital nonspherocytic hemolytic anemia is described. T h e propositus is double heterozygous for two abnormal alleles. T h e heterozygous mother contributes an allele coding for a tllermolabile enzyme with decreased activity and abnormal electrophoretic mobility, whereas the father contributes an inactive gene product. T h e enzyme defect becomes also manifest in the leukocytes of the propositus. T h e enzyme o l maternal leukocytes exhibits a decreased thermal stability.
